Structure radio beams with diverse radiation patterns exhibit huge potentials in many applications. In this paper, we propose a plane spiral orbital angular momentum (PS-OAM) based structure radio beam construction scheme, in which several PS-OAM waves are superposed together to acquire the anticipated radiation pattern and phase distribution in azimuthal domain. Firstly, some typical shapes of the radiation patterns are demonstrated. Then, the properties of this kind of structure radio beam, for example diversity, periodicity, vorticity and directional gain are analysed in detail from mathematical analysis and simulation verification. Finally, a proof of principle experiment is carried out at 10 GHz using a multi PS-OAM antenna to further testify the feasibility of the structure radio beam construction. The interesting properties provided by structure radio beams would offer promising solutions to radar imaging, smart antenna, massive multiple input multiple output (MIMO) and spatial modulation multiple input multiple output (SM-MIMO).
several channel resources. In [3] , the capacity improvements are demonstrated by adopting the dynamic radiation pattern diversity in MIMO system. A compact reconfigurable antenna with radiation pattern diversity is also presented to provide spatial modulation in MIMO communication systems [4] . Additionally, a new wireless communication architecture called directly digital modulation (DDM) has been proposed in [5] , it modulates digital information on various far-field radiation patterns, and calculates Euclidean distances between each two radiation patterns to establish distance matrix, and then uses this matrix to demodulate the information. These communication systems are all relied on pattern reconfigurable antennas to generate diverse radiation patterns, such as patterns with low correlations or those with various shapes. Most of the antennas are ''on-off'' type, which means they are realized by PIN diodes [4] , switches [6] , digital coding metasurface [5] and so on. The ''on-off'' type antennas can only generate limited numbers of radiation patterns, beam shapes and directions are hard to be predicted, resulting in limited applications.
It is well known that electromagnetic (EM) field eigenmodes can be used to construct arbitrary radio patterns.
Dr. Andrés has ever proposed using spherical vector wave expansion multipole modes to provide beam constructing [7] , and further discussed field eigen-mode beamforming for diversity in MIMO applications [8] , [9] . However, all these works are in theory.
In 2016, OAM modes based two dimensional (2D) beamsteering for application of 5G wireless networks was presented in [10] . The concept of structure radio beam was proposed in 2017 [11] , and was defined as the radio beam which has the capability of manipulating its intensity and phase distribution. In 2018, the 2D beam steering was realized by superposition of multiple plane spiral orbital angular momentum (PS-OAM) waves [12] . This kind of spatial spiral harmonic waves have azimuthal phase distributions of e −jlϕ , which can be viewed as a complete set of eigen-modes for EM waves in azimuthal domain. Moreover, different PS-OAM waves propagate along the same plane, providing the possibility to construct the radio beams with arbitrary azimuthal intensity patterns. In this paper, a more systematic research is carried out on the PS-OAM based beam construction. We propose to use PS-OAM waves as eigen-modes for EM waves to construct structure radio beams with arbitrary radiation patterns and phase distributions, and give a complete theoretical guidance on the construction method. For the constructed beams, not only the radiation intensity patterns can be controlled, but also their phase distributions can be predicted.
The rest of the paper is organized as follows: Firstly, that structure radio beams with arbitrary angular radiation patterns and controllable phase distributions can be constructed by using PS-OAM waves is theoretically analyzed. Then, several typical shapes of radiation patterns are demonstrated, and azimuthal beam scanning with no variation in pattern shape is presented. In addition, characteristics of this kind of the structure radio beams are analyzed mathematically and summarized, pattern diversity has huge prospect in application of spatial modulation, periodicity may be used in massive MIMO, millimeter wave radar. Finally, a proof of principle multi PS-OAM antenna operating at 10 GHz is simulated and measured to verify the analysis.
II. CONSTRUCT STRUCTURE RADIO BEAM
Periodic complex exponentials play a central role in treatment of signals and systems, because they can serve as extremely useful building blocks for many other signals. In spatial domain, PS-OAM waves possess azimuthal phase distribution of e −jlϕ . The azimuthal angle ϕ is periodic, and the OAM mode and angle are linked by a Fourier transformation. Thus, the structure radio beam in azimuthal domain can be constructed in terms of the spiral harmonics.
The transverse far-field radiation pattern of structure radio beam can be mathematically described as a form of complex Fourier series as following where A n = |A n |e −jlϕ is a complex representing amplitude |A n | and initial phase θ n for PS-OAM mode l n . Fig. 1 shows the schematic of constructing structure radio beam using PS-OAM modes of {1, 2, 3, 4}. The 4 curves in the left top show the azimuthal amplitude distributions for PS-OAM modes of {1, 2, 3, 4}, while the other 4 curves in the right top are the corresponding phase distributions. When the PS-OAM waves are superposed together, beams with various intensity and phase distributions can be achieved. From the bottom two curves, it is shown that a directional beam with the linearly changed phase distribution is obtained.
A. DIFFERENT AMPLITUDE AND PHASE
To obtain a radio beam with a certain radiation pattern S(ϕ), the amplitudes and initial phases of the superposed PS-OAM waves can be calculated by the following formula For triangular shape shown in Fig. 2(a) , PS-OAM waves of modes ±1, ±3, ±5, ±7, ±9 are superposed together, their amplitudes are 1, 1/9, 1/25, 1/49, 1/81, their initial phases are the same. Cosecant-squared beam is widely used in radar systems, the cosecant-squared pattern shown in Fig. 2(b) are constructed by PS-OAM waves of modes 0, ±1, ±2, . . . , ±50, the amplitudes and initial phases for these PS-OAM waves are calculated by Eq. (2). The square shaped beam is a spatially selective beam, for the square shaped pattern shown in Fig. 2(c) , PS-OAM waves of modes 0, ±1, ±3, ±5, ±7, ±9 are used, their amplitudes are 2, 1, 1/3, 1/5, 1/7, 1/9, the initial phases for modes 0, ±1, ±5, ±9 are 0 • , while for modes ±3, ±7 are 180 • . For sine shape shown in Fig. 2(d) , we use two PS-OAM waves of modes 3 and -3, their amplitudes are uniform and initial phases are the same. All these amplitudes and phases for PS-OAM waves can be calculated by Eq. (2) conveniently. So we have a complete theoretical guidance on how to construct a desired structure radio beam. Certainly, with more numbers of OAM modes, more detailed and complete the radiation patterns of structure radio beams can be constructed.
It's noted that S(ϕ) is a complex including both amplitude and phase information. That is to say, using this method, not only the intensity pattern of the structure radio beam can be controlled, but also its phase distribution. This characteristic provides a flexible way for the EM wave manipulation. Moreover, even the shape of the amplitude is determined, the phase distribution can also be tunably adjusted. Fig. 2(d) shows the two beams with the same cosine shape but different phase distributions.
B. UNIFORM AMPLITUDE AND SAME PHASE
Considering a simple case that all the superposed PS-OAM waves have the uniform amplitude, the same initial phase and a regular OAM mode interval, without loss of generality, the amplitude of each PS-OAM mode |A n | = 1, the initial phase θ n = 0 and the N PS-OAM modes are {l 0 , l 0 + l, l 0 + 2 l, . . . , l 0 + (N − 1) l} . Thus, the superposed beam can be written as
where l is mode interval, l 0 is the first OAM mode among the superposed PS-OAM waves, l n = l 0 +(n−1)· l is OAM mode of the nth wave, N is the number of superposed OAM waves. As Eq.
(3) figured out, sin(N · l/2·ϕ)/ sin( l/2·ϕ) is the amplitude factor, which is dependent on N and l,but independent of l 0 . It describes directional gain of the constructed structure radio beam, which provides an efficient solution to generate high gain beams. exp{−j[l 0 + (N − 1) · l/2]ϕ} is the phase factor depending on N , l, l 0 . Interestingly, the phase of the superposed beam changes linearly along the azimuthal angle, the slope is the average of all the superposed OAM modes. This means that the superposed beam retains the vorticity, and the azimuthal phase distribution can be adjusted by the superposed PS-OAM modes. This enriches the phase information in space without relying the physical position differences. Fig. 3 shows normalized amplitude and phase distribution of the structure radio beam superposed by PS-OAM waves with modes {1, 2, 3, 4, 5, 6, 7, 8}. Energy is concentrated in the main lobe. Phase is linearly distributed along the azimuthal angle, and the slope 4.5 exactly matches the average of superposed OAM modes. The Phase jump occurs at zero amplitude point owing to phase uncertainty when there is no energy.
Since amplitude factor is independent of l 0 while phase factor is related to l 0 , the structure radio beams with identical beam pattern and different phase slopes can be constructed. One instance is demonstrated in Fig. 4 , S 1 = {1, 2, 3, 4, 5, 6, 7, 8} and S 2 = {11, 12, 13, 14, 15, 16, 17, 18}, these two beams have the same amplitude distribution, while phase slope of S 1 is 4.5 and S 2 is 14.5. This interesting property has potentials in secure communication. Several beams with identical radiation patterns in the same path can only be distinguished by phase differences.
C. DIFFERENT AMPLITUDE AND REGULAR PHASE
If the superposed PS-OAM waves have regular initial phases, i.e. θ n = l n · ϕ. Thus, (1) can be expressed as
It can be seen that the initial phase determines the directivity of structure radio beam, hence beam scanning can be obtained through manipulating the initial phase θ n or ϕ. Supposing the superposed PS-OAM modes are {−4, −3, −2, −1, 1, 2, 3, 4} whose amplitudes are uniform and each initial phase meets l n · ϕ. Fig. 5 displays that beam rotation offset equals ϕ. Scanning range covers 360 • throughout the azimuthal direction. More importantly, the beam pattern remains constant. Thanks to the utilization of phase shift ϕ instead of time delay, this beam scanning scheme is more suitable for wideband application and can simplify the complexity of beamforming system.
III. PROPERTIES OF STRUCTURE RADIO BEAM
The PS-OAM based beam steering provides a feasible way to construct the structure radio beam. It's exciting to find that this kind of structure radio beams possess some extremely useful characteristics. It inherits the vorticity of OAM waves, additionally has properties of diversity, periodicity and directional gain.
A. DIVERSITY
To achieve higher spectral efficiency, Spatial Modulation Multiple Input Multiple Output (SM-MIMO) is a promising technique for wireless communication [13] . Structure radio beam is of great use for spatial modulation. In such applications, the radiating diversity is a determining factor for the efficiency of SM-MIMO. The factor can be checked by observing the level of isolation between patterns of structure radio beams. The larger the isolation is, the more diverse the patterns are, and thus the superior the system performance is. The derivation in [14] indicates that only when the isolation is over 6.02dB, could a good performance be obtained in system. Supposing that there are two structure radio beams A(ϕ) and B(ϕ),which can be described as
where the complex A p represents the amplitude and initial phase for mode l p , B q the amplitude and initial phase for mode l q .The inner product between them is
where β is the receiving aperture in azimuthal angle domain, the maximum gain of the beam is at the centre of the receiving aperture. The diversity of these two beams is defined by isolation of radiation patterns as follows
Consider a simple condition that five structure radio beams are consisted of five PS-OAM modes respectively, where A = {1, 2, 3, 4, 5}, B = {2, 3, 4, 5, 6}, C = {3, 4, 5, 6, 7}, D = {4, 5, 6, 7, 8} and E = {5, 6, 7, 8, 9}. All these PS-OAM waves have uniform amplitude and the same initial phase. These five structure radio beams have the same beam pattern which is shown in Fig. 6 (a) . And curves of simulated isolation between them are displayed in Fig. 6(b) , we can find that when there are less overlapped OAM modes between the structure radio beams, their isolation is bigger. Moreover, when the receiving angle is very small, the isolation changes intensely, but when the receiving angle reaches about 120 • , the isolation is almost no longer changing. The reason lies in the fact that the main lobe of the beam is almost within 120 • , as shown in Fig. 6(a) . Since the most energy is received, there is no need to receive the whole aperture to ensure enough isolation. This result can greatly reduce the antenna aperture at the receiving end. 
B. PERIODICITY
Multi-beam synthesis has received considerable attention, it's a prime technology in radar, sonar detection and smart antenna systems. Fortunately, structure radio beams possess the periodicity in azimuthal angle. If the superposed modes enlarge k times simultaneously, the structure radio beam will exhibit a periodic distribution within 2π aperture, and the period is k. Thus, Eq. (1) can be expressed as
When the PS-OAM modes constructing the triangular shape in Fig. 2(a) enlarge 3 or 4 times simultaneously, the pattern shape of structure radio beam turns out to be Fig. 7(a) and Fig. 7(b) , which has 3 or 4 periods within 2π aperture. Fig.8 shows the multi-beam synthesis by enlarging 3 or 4 times of mode ±1, in this case, amplitudes are uniform and initial phases are same. We can also find that as the number of main lobes increases, the beam width becomes narrower. Structure radio beam will have higher directivity, and size of each receiving antenna aperture will become small.
C. VORTICITY AND DIRECTIONAL GAIN
As we know, linear phase distribution of OAM waves increase spatial diversity. The rich information in phase has found beneficial to increase capacity in communication systems [15] . Vorticity can be obtained by feeding uniform amplitude and the same initial phase into regular OAM modes, as has been shown in section II.B. Thus, structure radio beam will be provided with this characteristic if needed. As we know, the amplitude of single OAM wave is uniform, i.e., energy radiates equally in all directions. By superposing PS-OAM waves with different modes and manipulating their amplitudes and phases, we can obtain structure radio beams with arbitrary patterns. Structure radio beam shown in section II.B also has directional gain which can be used to improve signal noise radio (SNR) of communication systems. The capacity improvement of PS-OAM based structure radio beams in MIMO system are studied in [16] .
IV. PRINCIPLE PROOF OF STRUCTURE RADIO BEAM
In this part, a simple principle proof of structure radio beam has been conducted. Traveling wave circular slot antennas can generate PS-OAM waves [17] . Multiple antennas are coaxially stacked to generate such structure radio beams.
A. STRUCTURE OF ANTENNA
Structure of the antenna generating structure radio beams is shown in Fig. 9 . The whole antenna uses four traveling wave circular slot antennas, each antenna is orthogonal feeding, and can generate two PS-OAM waves with modes ±l simultaneously. Four traveling wave circular slot antennas from bottom to top generate PS-OAM waves with mode ±1, ±2, ±3 and ±4 respectively. These generated PS-OAM waves superpose together in space, thus, structure radio beams are constructed. Return loss of the 8 ports is shown in Fig. 10 . Fig. 11 shows three kinds of structure radio beams generated by the antenna shown in Fig. 9 . The first column is simulated azimuthal intensity patterns of structure radio beams in θ = 90 • plane, the second column is far-field patterns and the third column is the numerically calculated azimuthal intensity distributions. The pencil beam in the first row is constructed by 8 PS-OAM waves with modes ±1, ±2, ±3 and ±4, the 8 PS-OAM waves' amplitudes are uniform and initial phases are the same. The cosine beam in the second row is constructed by 2 PS-OAM waves with modes ±3, these two waves' amplitudes are uniform and initial phases are the same. The square shaped beam in the third row is constructed by 4 PS-OAM waves with modes ±1 and ±3, where the amplitudes of modes ±1 are 3 times that of modes ±3, and the initial phase difference between modes ±1 and ±3 is 180 • .
B. BEAM CONSTRUCTING
It's worth mentioning that Fig. 11(d) is consistent with Fig. 2(d) , distribution S(ϕ) of the beam is cos(3ϕ). Since intensity of simulated beam is positive, so it has 6 lobes rather than 3 lobes, but the adjacent lobes have a 180 • phase difference. Other structure radio beams with calculated negative amplitudes are the same situation. The difference between the numerical simulation and full wave simulation is boiled down to the amplitude of single OAM wave generated by traveling wave circular slot antenna is not completely uniform.
C. BEAM SCANNING
Beam scanning can be obtained by changing initial phases according to the theory described in section II.C. 
V. EXPERIMENT OF CONSTRUCTING STRUCTURE RADIO BEAM
To verify the above analyses and simulations, we use PS-OAM antennas feeding in certain amplitudes and initial phases to experimentally generate structure radio beams. Fig. 13(a) shows the experimental setup for the proof of principle structure radio beam construction. 10 GHz radio frequency signal generated by vector network analyzer (VNA) is divided in two paths, one followed with an attenuator first and then with a power divider, the other followed with a power divider directly. Now, both two power dividers are followed by two phase shifters respectively, and then connected to a hybrid coupler. Finally, four paths' signals with certain amplitudes and initial phases are feeding in two antennas to generate 4 PS-OAM waves. These 4 PS-OAM waves are superposed together in space so that various radiation pattern can be obtained. Fig. 13(b) shows the practical experimental setup in the microwave anechoic chamber.
Structure radio beam with square shaped radiation pattern is demonstrated in Fig. 14, it's constructed by 4 PS-OAM waves with modes ±1 and ±3. The feeding power in modes ±1 is 1dBm, the initial phase is 0 • , while the feeding power in modes ±3 is attenuated by 9.54 dB, the initial phase is 180 • . The experimental results agree with simulations, certifying that using PS-OAM waves as EM eigen-modes, various structure radio beams with arbitrary azimuthal radiation patterns can be constructed. However, the experimental square pattern is not so well as that in Fig. 2(c) . This is because only 4 PS-OAM waves are used, if more PS-OAM modes are superposed, an exact complete square shape can be obtained. Due to the flat gain and spatial selectivity of the square shaped beam, it provides high gain and anti-interference ability in the base station of cellular communication, and it guarantees the communication quality in the application of point-to-point wireless local area networks. Additionally, these structure radio beams with various radiation patterns can be modulated with different information, and the information can be demodulated by identifying these various patterns at the receiving end. Hence, PS-OAM based radiation pattern construction has potentials in wireless communication systems.
VI. CONCLUSION
This paper proposes to use PS-OAM waves as EM eigenmodes to construct arbitrary structure radio beams in azimuthal domain. The radiation patterns and the phase distributions can be well controlled by manipulating OAM modes, feeding amplitudes and initial phases of the superposed PS-OAM waves. It's exciting to find that this kind of structure radio beams possess some useful properties, such as diversity, periodicity, vorticity and directional gain, which have potentials in wireless communications, radar imaging, smart antenna and so on.
Compared with the commonly used ''on-off'' type antennas or the phased array antennas to generate several numbers of radiation patterns, the proposed scheme has a complete theoretical basis for the radiation pattern constructing and can construct infinite radiation patterns. Moreover, it's very convenient to predict the beam pattern distributions and easy to construct the desired beams. The limitation of the proposed scheme to generate structure radio beams is the PS-OAM antenna. We have made some efforts on PS-OAM antenna, [18] presents a multiple mode PS-OAM antenna based on substrate integrated waveguide (SIW), it can generate 8 PS-OAM waves simultaneously. Different from stacking multiple antennas, an antenna which is able to generate many PS-OAM waves directly is under research. Additionally, how to take advantages of proposed structure radio beams in massive MIMO, SM-MIMO, radar and sonar detection are our next work.
